Living cells communicate and cooperate to produce the emergent properties of tissues. Synthetic mimics of cells, such as liposomes, are typically incapable of cooperation and therefore cannot readily display sophisticated collective behavior. Here, we print tens of thousands of picoliter aqueous droplets that become joined by single lipid bilayers to form a cohesive material with cooperating microcompartments. 3D structures can be built with heterologous droplets in software-defined arrangements. The droplet networks can be functionalized with membrane proteins to allow rapid electrical communication along a specific path. The networks can also be programmed by osmolarity gradients to fold into otherwise unattainable designed structures. Printed droplet networks might be used as tissue engineering substrates, interfaced with tissues, or developed as mimics of living tissue.
. Larger assemblies have been constructed by packing droplets into microfluidic containers (16, 17) , but their complexity is limited by the uncontrolled filling process.
Here, we automatically print tens of thousands of heterologous picoliter droplets in software-defined, three-dimensional mm-scale geometries. The resulting macroscopic material is cohesive and self-supporting, and consists of distinct aqueous microcompartments partitioned by single lipid bilayers. Printing can take place in bulk oil or within oil drops that reside in aqueous solution. The bilayers can be functionalized with membrane proteins to allow electrical communication along a specific route. Printed droplet networks can also be programmed by osmolarity gradients to fold after printing into various designed geometries not accessible by direct printing. Three characteristics distinguish printed networks from other shape-changing materials, such as the bimetallic strip or hydrogels patterned to undergo non-uniform volume changes under external stimuli (18, 19) . Droplet networks are readily printed, consist of compartments that can communicate through membrane proteins, and their folding is driven by internal differences in osmolarity. The latter characteristics make the folding behavior closely analogous to the nastic movements exhibited by certain plants (20, 21) . Printed picoliter droplet networks constitute a defined synthetic platform for sophisticated collective behaviors (Fig. 1A) , and might be developed for medical applications (22) .
Our strategy was to eject aqueous droplets ( Fig. S1 and Text S1) within a bath of lipidcontaining oil that was mounted on a motorized micromanipulator, so that a droplet network was built up in horizontal layers (Fig. 1B) . The construction of droplet networks raises challenges that preclude the use of a commercially available printer (Text S2), and which we addressed with a specially-designed system (23) (Figs. S2 to S8 and Table S1 ). A network is defined in horizontal cross-sections one droplet thick (Fig. 1C) , and a custom computer program (23) accordingly synchronizes the motion of the oil bath with the ejection of droplets from two droplet generators to construct the desired network (Fig. 1D) . We have printed precisely defined networks consisting of up to ~35,000 heterologous droplets ejected at a rate of ~1 s −1 (Fig. 1, C 
to F).
Printed droplet networks are self-supporting (Fig. 1, D and F) , and a thermodynamic analysis of the system indicates that stable networks can be printed with at least several thousand layers (23). The lattice of lipid bilayers also allows droplet networks to retain their shape under gentle perturbation; each bilayer lends an effective spring constant of ~4 mN m −1 to connected droplets, with a tensile strength of ~25 Pa (23) (Figs. S9 and S10). We estimate that Young's modulus of printed networks is of the order of ~100-200 Pa (23) (Fig.  S11) , which is comparable to the elastic moduli of brain, fat and other soft tissues (24) .
We have shown (7) that droplet networks can be stabilized in bulk aqueous solution by encapsulation within small drops of oil, for prospective applications in synthetic biology and medicine. Whereas these networks were created manually and therefore were limited in complexity, here we demonstrate the printing of encapsulated networks consisting of thousands of droplets in designed three-dimensional patterns. This was achieved by printing inside an oil drop suspended in aqueous solution (23) ( Fig. 2A and Text S3). Once printing is complete, excess oil can be removed by suction through one of the printing nozzles. Encapsulated printed networks (Fig. 2 , B to D) were stable for at least several weeks, and will therefore serve to expand the functions previously demonstrated with simple encapsulated networks, including communication with the aqueous surroundings through membrane pores, and pH-or temperature-triggered release of contents (7).
To establish whether membrane proteins could be included in specific bilayers, we printed a network in which only the droplets along a defined pathway contained staphylococcal α-hemolysin (αHL), in order to create an ionically conductive route across an otherwise insulating network (Fig. 3, A and B) . To probe the network electrically, a drop of buffer of diameter ~500 μm containing αHL pores was manually pipetted onto each of two Ag/AgCl electrodes with agarose-coated ends. The drops were then brought into contact with different parts of the network, so that they formed bilayers with the droplets on the network surface (Fig. 3A) . When the two large drops were placed on either end of the αHL-containing pathway (Fig. 3B ), we measured a stepwise increase in ionic current under an applied potential (Fig. 3C ). After one of the drops was separated and brought back into contact with the network away from the αHL-containing pathway (Fig. 3D) , only transient currents were observed (Fig. 3E ). When this drop was separated from the network again and replaced in its original position, a stepwise increase in current was again observed (Fig. S12) . Droplet networks in which no droplets contained αHL showed negligible current flow, whereas the current measured across droplet networks in which every droplet contained αHL was similar to that shown in Fig. 3C (Fig. S12 ).
To interpret these results, we performed computational simulations of the electrical behavior of printed droplet networks (23) (Fig. S13 ). The electrical model was consistent with the measured currents exemplified in Fig. 3 , C and E, provided most of the bilayers along the αHL-containing pathway contained several pores, and the other bilayers in the network contained none (Text S4 and Fig. S14 ), so that the pathway presented an already established conductive route through the otherwise insulating network. The stepwise increase in current in Fig. 3C was therefore most likely caused by pore insertions into the bilayers between the large electrode drops and the pathway droplets, rather than into bilayers within the printed network (Text S4). The current spikes in Fig. 3E correspond to pore insertions into the bilayers between the electrode drop newly placed away from the pathway and insulating droplets in the network, which transmit transient capacitive currents but do not permit a steady resistive current (Text S4). Based on these findings, we maintain that droplet networks can be printed with protein pores in specific bilayers. Further, printed networks can be made tolerant of slight variations in structure and in the number of proteins that insert in each bilayer, recalling the robustness of living tissues to minor flaws. The printed network presented here is functionally analogous to a nerve axon in enabling rapid, long-distance electrical communication along a defined path, but does not mimic an axon's mechanism of signal propagation.
Finally, we explored a means for droplets in a printed network to produce a designed, macroscopic change in the network geometry through cooperative action. Water permeates readily through droplet interface bilayers even in the absence of protein channels or pores, with a permeability coefficient of 27 ± 5 μm s −1 (mean ± SD, n = 6) under the conditions of this study (Fig. S15) , consistent with other permeability measurements of droplet interface bilayers (25) (26) (27) and other lipid bilayer systems (28) . Consequently, two droplets of higher and lower osmolarity joined by an interface bilayer will respectively swell and shrink until their osmolarities are equal (Fig. 4A) . By extension, water transfer between droplets in a network composed of droplets of different osmolarities will cause spontaneous deformation of the network as long as adhesion between droplets is maintained (Fig. 4B) .
We found several prerequisites for droplet networks to fold in a predictable way (see also Text S5). First, to prevent droplets from being printed onto incorrect positions in the network, the network must fold slowly compared to the printing time. Second, the swelling and shrinking of the two droplet types induces a stress between regions of connected droplets that can cause the network to buckle in an uncontrolled manner. This is analogous to the buckling instability in tissues that grow at inhomogeneous rates, such as certain leaves (29) and flower petals (30) . In certain cases, the stress may instead cause connected droplets to separate and thereby prevent the network from folding further around the fracture zone (Fig. S16) . These various problems can be solved through judicious choices of printing rate, salt concentrations and droplet size, and adjustments to the network geometry (Text S5). The final geometry of the network is then determined in a well-defined way by its initial geometry, the distribution of the two types of droplets, and the ratio of their osmolarities. Using a simple computational model (23) ( Table S2 ) that allows us to predict the folding behavior of a given droplet network, we designed droplet networks that folded successfully.
In one experiment, we printed a network that comprised two strips of droplets of different salt concentrations, connected along their lengths (Fig. 4C) . The network folded spontaneously in the horizontal plane over ~3 h, until droplets at opposing ends of the network formed new bilayers in a closed ring. We also programmed a network to fold spontaneously out of the horizontal plane to attain a geometry that would be difficult to print directly. We printed a flower-shaped network with four petals, in which the lower layers had higher osmolarity than the upper layers. The permeation of water from the upper into the lower layers induced a curvature that raised the petals and folded them inwards (Fig. 4D and Movie S1). The folded network was self-supporting and approximated the geometry of a hollow sphere, with the originally upper layer contained within a shell formed by the originally lower layer (Fig. 4E and Fig. S17 ). The evolution of the geometry of the network is in good agreement with that of a simulated folding network with similar initial conditions ( Fig. 4F and Movie S2). We estimate the energy available from the osmosis-driven flow of water to be of the order of 1 μJ for this network (23), which is comparable to the total energy of bilayer formation in the network, and several orders of magnitude greater than the energy required to lift the droplets against gravity (23).
We have devised a means of printing, in designed three-dimensional geometries, a soft material composed of aqueous microcompartments bound together by lipid bilayers. The bilayers allow the compartments to interact directly through membrane proteins or osmotic flows of water, and thereby enable the engineering of collective properties such as longrange electrical communication or macroscopic deformation.
Here we used the well-characterized αHL pore and a simple salt solution to achieve cooperative action between droplets in a printed network. Additional membrane proteins and their engineered forms (5, 6) should allow printed networks to transduce a wider range of signals, and stimulus-responsive osmolytes might offer greater control of folding. New means of communication and cooperation will enable printed networks to more closely reproduce the functions of tissues. Another interesting challenge is the integration of droplet networks with living organisms. The outer surface of a printed network might be engineered to interact in a designed way with the biological environment, for example to deliver drugs upon a specific physiological signal (7-9). More sophisticated networks might be interfaced with failing tissues to support their functions. Alternatively, cells could be included inside the droplets during printing for various applications, such as to immobilize cells within a defined three-dimensional scaffold for tissue engineering (22) .
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